To determine the efficacy of testosterone (T) supplementation on cognition in a sample of men with Alzheimer disease (AD) or mild cognitive impairment (MCI). Methods: Fifteen patients with AD and 17 patients with MCI aged 63 to 85 years completed a randomized, double-blind, placebo-controlled study. Nineteen participants received weekly intramuscular (IM) injections of 100 mg T enanthate and 13 participants received weekly injections of placebo (saline) for 6 weeks. Cognitive evaluations using a battery of neuropsychological tests were conducted at baseline, week 3, and week 6 of treatment and again after 6 weeks of washout. Results: Peak serum total T levels were raised from baseline an average of 295% in the active treatment group. Improvements in spatial memory (p Ͻ 0.05) and constructional abilities (p Ͻ 0.05) and verbal memory were evident in the T group. No changes were noted for selective and divided attention or language. Prostate specific antigen did not significantly change during this brief treatment. Conclusion: Testosterone supplementation may benefit selective cognitive functions in men with Alzheimer disease and mild cognitive impairment.
Environmental disorientation (i.e., episode of getting lost) is an early hallmark of Alzheimer disease (AD) that places increased burden on the caregivers for continued monitoring. Spatial memory, spatial ability, and navigation are all involved in successful learning and navigation of complex environments, [1] [2] [3] [4] and episodes of environmental disorientation are related to poor spatial memory, 3, 4 as well as other cognitive processes. 2, [5] [6] [7] Studies in both animals and humans have suggested that poor spatial memory and navigational/spatial skills are correlated with low levels of testosterone (T). [8] [9] [10] [11] [12] Several recent epidemiologic studies involving large samples of healthy older men have found bioavailable or free T to be significantly and positively correlated with performance on tests of global cognitive functioning, such that lower levels of free T are associated with poor cognitive functioning and higher levels are associated with better cognitive functioning. [13] [14] [15] [16] In addition, low testosterone levels over time are associated with increased risk for developing AD, independent of health status, age, or education. 17 T levels appear to remain low with the onset of AD in comparison to controls 16, 18, 19 and patients with Parkinson disease 20 and are associated with high plasma amyloid beta peptide 1-40 levels. 19 These studies suggest that age-related declines in T levels may be related to cognitive function and risk for dementia.
Two studies have examined T supplementation in patients with AD or mild cognitive impairment (MCI). MCI is widely believed to represent a prodromal stage of AD with some studies indicating up to 80% of patients with MCI progressing to diagnosable AD within 6 years. 21, 22 A study of T supplementation in hypogonadal men with MCI found no beneficial effect on tests of attention. 23 However, a study of T supplementation in male nursing home residents with AD found beneficial results as measured by a global cognitive functioning measure. 24 These mixed findings suggest that further studies of hormone supplementation in memory impaired individuals are needed.
In the present study, we examined androgen supplementation in men with AD or MCI. We utilized a battery of neuropsychological tests shown to be sensitive to androgen manipulation in our previous studies of healthy eugonadal and hypogonadal older men. We hypothesized that both the AD and MCI groups would experience beneficial effects on memory with little or no change on measures of attention or language.
Methods. This study was approved by the Human Subjects Review Committee of the University of Washington. Written informed consent was obtained from all subjects and from the legal representatives of the patients with AD. Patients included subjects diagnosed with probable AD (National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association) 25 or amnestic MCI. 22 Amnestic MCI patients were included because MCI is believed to represent a prodromal stage of AD with up to 80% of patients receiving an AD diagnosis within 6 years. 21, 22 Participants underwent a screening visit to determine eligibility including a physical examination and psychiatric and laboratory evaluation to exclude any significant physical or medical illness. This included tests of hypertension, liver function, and prostate disease (prostate specific antigen [PSA] level and digital rectal examination [DRE] ). Participants with abnormal findings, including uncontrolled hypertension, were excluded from the study. Participants also underwent a cognitive screening examination consisting of the Mattis Dementia Rating Scale (DRS) to establish a baseline measure of general cognitive functioning. 26 Participants with a history of significant alcohol abuse, psychiatric illness, head injury with loss of consciousness greater than 1 hour, or who were taking Lupron, finasteride, spironolactone, or cimetidine were excluded. Participants with previous or current prostate cancer, elevated PSA levels, history of myocardial infarction, abnormal renal or hepatic disease, sleep apnea, previous testosterone or other androgen treatment, or other gonadal endocrine disorders were also excluded.
Study design. Eligible participants were randomly assigned to one of two treatment groups. Assignment for each consecutively enrolled participant was made by pharmacists, using a predetermined assignment sheet that was created using a random number generator. Study personnel, participants, and investigators were blind to treatment condition.
Participants reported to the Veterans Affairs Puget Sound Health Care System (VAPSHCS) Clinical Research Unit or the University of Washington General Clinical Research Center Clinical Research Unit and were randomized to receive either weekly IM injections of 100 mg T enanthate (Delatestryl, manufactured for BTG Pharmaceuticals Corporation by Bristol-Myers Squibb, Princeton, NJ) or placebo (saline) for 6 weeks followed by 6 weeks of no medication (washout). At these weekly visits, blood samples were taken to measure serum T and estradiol levels by IFMA and RIA (see below). Cognitive testing was conducted at baseline and repeated at weeks 3 and 6 of treatment and again after 6 weeks of washout. Blood sampling and testing sessions occurred within 24 to 48 hours following T or placebo injection to capture peak T levels for the treated group. Therefore, cognitive performance results reflect the effects of peak T levels. Endogenous T levels measured at baseline prior to the start of the study were in the low to normal range (15 to 20 nmol/L) and did not differ significantly between groups. PSA and hematocrit levels were measured at screening, week 4 of treatment, and again at washout. Mean PSA level of 1.69 ng/mL for all participants at the start of the study was within normal limits (0 to 4 ng/mL). DRE was also conducted at screening and at the washout visit with no abnormal findings.
Neuropsychological test measures. The cognitive tests included measures of spatial and verbal memory, working memory, language, and selective attention. Previous studies have suggested that these cognitive domains are most likely to change in response to androgen manipulation. Comparable, alternate versions of each test were administered at each time point. Test versions were randomized and counterbalanced. A complete administration of the testing session was conducted at the screening visit to reduce practice effects. Psychometrists, participants, and investigators were blind to the treatment condition.
Spatial memory measure. Route test. This test measured the ability to navigate a short route within a room. 27 The task used a 6 ϫ 24 foot piece of black flooring on which a diamond pattern was placed using bright yellow tape. A particular route was indicated using a bright red ribbon and the subject walked the route as shown. The ribbon was removed, and the subject was asked to immediately retrace the route. Three trials were administered followed by three trials of a new route using pictures placed on the floor as landmarks. A delayed recall is administered after 20 minutes. Performance was assessed by calculating the number of correct sequential units summed across all trials.
Verbal memory measures. Story recall. The story recall task was modeled on the Wechsler Memory Scale Revised (WMS-R) and measures memory for aurally presented contextual material. Participants listened to two brief narratives, each containing 25 informational bits, and were asked to recall as much as possible immediately after hearing each story and following a 20-minute delay. Reliability and validity of WMS-R and WMS-III Logical Memory and this modified version are very good. 28, 29 Proactive interference (PI). Participants listened to a list of 10 words from the same semantic category (e.g., articles of clothing), and then recalled as many of these words as possible. The task was adapted from a previous task. 30 The procedure was repeated for a total of four trials, each containing different words drawn from the same semantic category. For the fifth trial 10 words from a new semantic category (e.g., types of furniture) were read and participants were asked to recall these words. The total number of words recalled correctly on each trial was recorded. Normal adults recall progressively fewer words across trials two through four due to the build-up of interference from the semantically similar preceding items. Reliability of the test is generally good, including validity studies conducted with brain injured patients and controls. 31 Selective attention measure. Stroop Color Word Interference Task. This task was based on the original version and utilized three trials for which total reading time and errors were recorded. 32 The first condition (word reading) required participants to read 100 color words (red, green, blue), presented in rows on a sheet of paper as quickly as possible. The second condition (color naming) required participants to name the color of 100 colored blocks presented in rows on a sheet of paper. In the third condition (color word interference), stimuli consist of color names that are printed in discordant colors (e.g., the word "blue" printed in green letters). Participants were asked to name the ink color of the printed words, and are thus required to inhibit reading the words.
Verbal ability measure. Verbal fluency. The verbal fluency measure is based on the Controlled Oral Word Association Test (COWAT) and is sensitive to verbal dysfunction and frontal lobe functioning. Participants were asked to verbally generate as many words beginning with a particular letter (e.g., P) as possible within a 60-second period. 33 Two trials were administered with two different letters. The total number of words generated was recorded for each letter and summed.
Spatial ability measure. Block design. This test is a modified version of the Wechsler Adult Intelligence Scale-Revised, Block Design subtest. 34 The test measures participants' ability to analyze and construct abstract figures from their component parts. The subject is shown individual, red and white designs on paper and asked to construct the design using nine threedimensional blocks with red and white sides. Time to completion is recorded for each design, with an upper limit of 3 minutes per design. There are nine total designs, with three designs per difficulty level (easy, moderate, and hard). Average time per design was used for analysis.
Hormone assays. Blood samples were drawn at the time of cognitive testing and within 48 hours of injection to capture a peak blood level. Samples were kept frozen in a Ϫ70°C freezer until the completion of the study when all samples were included in the assays. Serum estradiol and total testosterone levels were analyzed with radioimmunoassay (RIA) and ImmunoFluorimetric assay (IFMA), according to standard procedures for each commercial kit. Although studies examining the relationship between endogenous T levels and cognition have frequently used measures of free testosterone, we chose to measure total testosterone as this has been shown previously to be a sensitive and valid measure for hormone manipulation studies. Serum total T was measured using the DELFIA IFMA kit (Wallac OY, Turku, Finland) with sensitivity of 0.5 nmol/L and 4.5% intra-assay coefficient of variation for a mid-range pool of samples. Serum estradiol was measured by Estradiol RIA Kit (DSL-39100), from Diagnostic Systems Labora-tory, Webster, TX. The sensitivity of this assay was 5.5-pmol/L and inter-and intra-assay coefficients of variation were 5.6%, and 7.0% for mid and 5.3% for high-range values. The normal range for the assay in men was 76 to 353 pmol/L. Samples from each participant were run in duplicate in the same assay to avoid inter-assay variability. Hormone levels reported were the average of the duplicate samples.
Statistical analyses. Data were log transformed and a repeated measures analysis of variance (ANOVA) was used for each cognitive test and hormone measure with baseline assessment covaried, group as the independent factor (T vs placebo), and weeks (weeks 3 and 6 and washout) as the repeated factor. Post hoc comparisons were subjected to Bonferroni correction. ANOVAs to examine changes in PSA included measures at baseline, week 4, and week 12 and hematocrit at all weeks with post hoc comparisons subjected to Bonferroni correction. Bonferroni correction was calculated for each post hoc comparison p value by the following formula: n ϭ the number of weeks {number of comparisons ϭ n [n-1]/number of groups}; outcome of this formula is multiplied by post hoc LSD p value. Participants were analyzed according to their randomized assignment to treatment group without replacement of missing variables. Therefore, the analysis represents a modified intention-to-treat (ITT) analysis.
Results. Thirty-seven men gave informed consent and were screened for the study. Three participants decided to discontinue after the screening due to scheduling or other personal reasons. Two participants evidenced an elevated PSA and were ineligible. Thirty-two participants with a mean age of 76 Ϯ 5 years (range 63 to 85) met screening criteria and were randomized. Nineteen subjects were randomized to testosterone (T) and 13 to placebo (figure 1). Analysis for all dependent measures included all 32 subjects except where noted otherwise. Mean education level was 15 Ϯ 2 years (range 8 to 20) and mean DRS score was 105 Ϯ 10 points (range 91 to 128) for patients with AD and 128 points Ϯ 8 points (range 113 to 140) for patients with MCI. There were no significant differences between the T or placebo groups for age, education, or DRS score (table) .
Peak T levels were increased significantly an average of 34 Ϯ 24 nmol/L in the T group. The T group demonstrated an increase in both serum total testosterone and estradiol concentrations at weeks 3 and 6 compared to baseline (p Ͻ 0.01) and compared to placebo (p Ͻ 0.01) ( figure 2, A figure 3B ). Block design analysis included 28 subjects due to missing data at one time point for one control and two AD/MCI subjects. Verbal memory as measured by the PI test was better in the T group compared to the placebo group at week 6 [F(1,24) ϭ 5.48, p Ͻ 0.05] and due to a decline in the placebo group from week 3 to 6, there was an interaction effect [F(2,48) ϭ 4.78, p Ͻ 0.05]. Verbal memory as measured by the paragraph recall test was better in the T group compared to the placebo group at week 3 of treatment [F(1,26) ϭ 4.84, p Ͻ 0.05] and due to a decline in the placebo group from week 3 to 6, there was an interaction effect [F(2,52) ϭ 7.1, p Ͻ 0.01]. Although the T group was better than the placebo group on two verbal measures during treatment, a significant change over time (5) 75 (7) 74 (5) Education, y 15 (3) 15 (2) 15 (3) 15 (2) Dementia Rating Scale total score* 102 (10) 126 (9) 108 (14) 130 (8) Baseline total testosterone, nmol/L 14.4 (7) 13.5 (5) PSA and hematocrit levels increased slightly in the T group although this increase was not significant compared to baseline (table E-1 on the Neurology Web site at www. neurology.org). Caregivers of patients with AD were asked at baseline and again at week 6 of treatment about the presence of agitated or other aggressive or unwanted behaviors. Caregivers did not report any change in behavior compared to baseline.
Discussion.
Weekly administration of 100 mg T enanthate for 6 weeks significantly increased circulating total testosterone levels in the T group with peak levels in the normal to high normal range for healthy young men (see figure 2A) . Peak serum estradiol concentrations also increased (to above the normal range) in the T group (see figure 2B) . Consistent with our previous study in healthy older men, we found that T supplementation improved spatial memory and spatial or constructional ability and verbal memory. 35 These changes are equivalent to a SD change on widely used clinical measure of constructional ability. 36 A change of one-half to one SD may mean the difference between an impaired vs normal range performance. Findings of improved spatial memory and spatial ability are particularly important, as difficulties with environmental disorientation (e.g., getting lost) are one of the earliest symptoms in AD. In addition, once this symptom is present, it frequently results in increased burden on caregivers due to the heightened need for monitoring and the need to provide transportation.
Verbal memory as measured by a list learning task (PI) and story recall was better in the T group compared to the placebo group during treatment. However, we did not observe a significant change over time in the T group alone. Thus, it is not clear if these differences were due to improvement from treatment or a decline in the placebo group. However, it has been suggested that a lack of decline in the treatment group may be considered a positive treatment outcome for patients with AD or MCI. Our previous findings in a sample of healthy older men resulted in beneficial effects on verbal memory. Beneficial changes in verbal memory may be attributable to the rise in estradiol levels from aromatization of T into estradiol. Significant improvements in verbal recall have been found in healthy older women and patients with AD receiving estrogen replacement treatment. 37, 38 However, other studies have failed to find beneficial cognitive changes from estrogen. 39, 40 In men, exogenous increases in estrogen have been shown to improve verbal memory for a paired associate learning task, a task that generally favors women. 41 Other studies of testosterone supplementation in older men or patients with AD have Figure 2 either not included verbal memory measures or have not examined verbal memory tasks separate from other cognitive domains. 23, 24, 42 Thus, changes in verbal memory from T supplementation remain an area for further inquiry.
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Our results are consistent with findings of improved cognition in hypogonadal, nursing home dwelling patients with AD treated with testosterone. 24 In that study, patients with AD were administered testosterone enanthate every 2 weeks for 1 year. Patients showed significant improvement on a clock drawing test and on the total score for the AD Assessment Scale-cognitive subscale (ADAS-Cog), a global measure of cognition, after 3 and 6 months of treatment compared to the placebo group. Information on individual subscales of the ADAS were not included in the report, thus, we cannot determine which specific cognitive domains on the ADAS were affected by testosterone supplementation. However, improvement on the Clock Drawing Test is consistent with our findings of improved spatial ability on the Block Design test.
A more recent study failed to find beneficial cognitive effects of testosterone replacement in community dwelling hypogonadal men with MCI. 23 Participants were given 200 mg q 3 weeks testosterone for 12 weeks and measures of simple and divided attention, language, and visuoconstruction (Clock Drawing) were administered at baseline and again at 4 and 10 weeks of treatment. The cognitive tests in this battery emphasized attention, language, and motor coordination, which are cognitive domains for which we have also failed to observe significant changes from testosterone supplementation. However, lack of improvement on Clock Drawing is not consistent with other findings of improved performance on Clock Drawing in patients with AD and our findings of improved performance on Block Design.
Although findings of cognitive effects of androgens in humans have been mixed, animal studies support mechanisms by which androgens may affect cognitive abilities. Androgen receptors are found widely throughout the brain, but in particular the hypothalamus and hippocampus are high density areas. 43 Animal studies have generally supported a link between androgen modulation and performance on maze tasks. 8, 11, [44] [45] [46] Human studies have found some relationship between endogenous T levels and cognitive performance in older men as well as an association of chronic low testosterone levels with increased risk for developing AD. [13] [14] [15] 17 Pathologic changes in AD are characterized by senile plaques and neurofibrillary tangles formed by abnormal accumulation of beta-amyloid and hyperphosphorylated tau. Testosterone has been shown to reduce neuronal secretion of beta-amyloid as well as to prevent the hyperphosphorylation of tau. [47] [48] [49] Thus, testosterone may exert effects on cognition in a rapid manner via androgen receptors in the brain as well as exerting more chronic effects of reducing AD pathology.
Androgen supplementation safety concerns are an area of interest and controversy. T supplementation can result in erythrocytosis which is more common with higher doses and in the elderly. 50 Hematocrit did not increase beyond the normal range in the T group nor did PSA. Thus, similar to other studies of patients with AD and MCI, we did not observe any short-term adverse effects at this dose level for the 6-week period of treatment. 23, 24 We also did not observe any change in agitated behavior as reported by caregivers, consistent with other T supplementation studies in patients with AD and MCI.
Our findings indicate that T supplementation resulted in some beneficial effects on spatial memory and constructional abilities in older men with memory deficits. These results were evident after a relatively short treatment period (6 weeks) and during the peak hormone period (24 to 48 hours post injection). These results indicate that additional studies are needed to assess the safety and efficacy of a longer treatment period and with a larger sample size. Performing more studies in this area is consistent with the findings of the recent Institute of Medicine study that recommended conducting additional short-and long-term studies to assess the overall physiologic consequences of T supplementation on safety and biologic outcome variables as well as cognitive function and quality of life. 51 
